Modulated Differential Scanning Calorimetry (MDSC) was used to investigate thermal transitions of pomegranate extracts as a function of concentration. The transitions were the glass transition temperatures (T g ) and maximum freezeconcentration condition (T 0 g ), melting points (T f ), the onset temperatures of ice melting (T 0 m ), and latent heat of fusion (H L ). In addition, the specific heat (C p ) below and above freezing was also determined. The soluble solid contents for the pomegranate extracts ranged from 20 to 53 Brix. The T g and T 0 g values ranged from À43.3 to À49.3 and from À44.9 to À52.0 C, respectively. On the other hand, T f and T 0 m ranged from À2.6 to À16.7 and from À39.6 to À45.3 C, respectively. The latent heat of fusion was between 61.6 and 204.7 kJ/kg. Below freezing, a linear relationship was established between specific heat and temperature, while above freezing range the change of specific heat was relatively low.
INTRODUCTION
The pomegranate is a popular exotic fruit whose origins are from the Middle East and Asia. Pomegranates typically grow well in the regions where the temperature is mild and low humidity similar to that in the Western part of Saudi Arabia particularly the Taif city and its neighboring villages. The edible part of the pomegranate is mainly consumed fresh, but is also used in the preparation of fresh juice, which is a very popular beverage. The separated edible part of the fruit contains significant quantities of micronutrients essential for health. [1] These include considerable amounts of sugars, vitamins, polysaccharides, polyphenols, and minerals. [2] In Saudi Arabia, the juice sacs may be frozen intact or the extracted juice may be concentrated and frozen, for further use. Pomegranate juice is widely made into grenadine for use in mixed drinks. The juice is regarded as a delicacy and is made into excellent sherbet and it is consumed with the addition of water and sugar. It is also used in preparing syrups, jellies, marmalades, and pomegranate molasses. Pomegranate molasses (called dibs rumman in Arabic) is heavy pomegranate syrup used in some parts of the world in cooking and also to marinate meat; due to its content of proteolytic enzymes, which acts as a meat tenderizer.
Carbohydrate solutions such as fruit juices and extracts such as pomegranate extracts contain dissolved solutes of a nature such that they are kinetically inhibited from solidifying at the eutectic point. Previous studies had shown that solutions of these types have shown problems such as voids, collapse, puffing, foaming, high hygroscopicity, and early caking during storage. [3] [4] [5] [6] [7] [8] During the freezing process of liquid foods, water usually crystallizes as almost pure ice while the solution becomes more concentrated. In a previous study, it was reported that when pomegranate extracts were frozen, the concentration of the extracts result in the formation of concentrated amorphous solutions, which may result from the rapid removal of water from the extracts occurring during the freezing process. [5] In that study, the high sugar content of extracts above 17 Brix was primarily responsible for the difficulties of freeze-drying.
Differential Scanning Calorimeter (DSC) and Modulated Differential Scanning Calorimetric (MDSC) analyses were previously performed on sugar solutions and other materials, [9] [10] [11] [12] [13] [14] [15] [16] and no references has been found for pomegranate juice and extracts. Knowledge of the thermal behavior of pomegranate extracts at low temperatures is essential for process design evaluation, quality control, and for identifying consumers' acceptability. The purpose of the present study was to investigate the thermal transitions of pomegranate extracts as a function of concentration with the aid of a modulated differential scanning calorimeter.
MATERIALS AND METHODS

Extract Preparation and Water Activity Measurement
Fully ripe, reddish yellow pomegranate fruits (Punica granatum L.) were cut into halves with a sharp knife and manually pressed to extract juice using a stainless steel hand operated juice extractor. The extraction process was followed by a two stage ORDER REPRINTS filtration where one layer cheese cloth was used for prefiltration and a three layers set up was used for final filtration of juice. The extracted juice was vacuum concentrated using a pilot-scale falling film evaporator at temperature of 60-65 C and vacuum of 560 mm Hg. [17] Intermediate juice concentrates of pomegranate extracts were prepared by diluting the resulting concentrates with predetermined amounts of distilled water. These concentrations were 20, 30, 40, and 53 Brix. All samples were kept refrigerated at 4 C prior to test experiments. Water activity values of extracts, a w , were measured using an AquaLab water activity meter of accuracy AE0.003 (Model CX-2, Decagon Devices Inc., Pullman, WA) with chilledmirror dew point sensor. Water activity measuring equipment was calibrated with distilled water [18] and the standard solution 0.5 molal KCl (Decagon Devices Inc., Pullman, WA).
Modulated Differential Scanning Calorimetry
The modulated DSC analyses were conducted (DSC Q100, TA Instruments, Ltd., Leatherhead, England) over a temperature range from À60 to 65 C. The linear heating rate was 5 C/min, and the heating-only modulation condition used was a period of 100 s with an amplitude of 1 C. This set of conditions was designed to increase sensitivity for detecting weak transitions. Baseline, temperature, heat flow, and heat capacity calibrations were carried out on the instrument using indium and sapphire. [19] Triplicate pomegranate extract samples of 10-20 mg were hermetically sealed (Sample Encapsulating Press, TA Instruments) in preweighed 40 mL aluminum pans. The annealing of different pomegranate samples was performed according to the method reported by Roos. [20] The only deviation of this study was that the low end of the scanning scale was À70 C and the rate of cooling and heating was 5 C/min. Annealing was considered essential in order to attain maximum freeze-concentration and to increase the chances of detecting accurate T 0 g values. All analyses were achieved with the use of dry nitrogen gas (AGA, 99.9% N 2 ) at 50-60 mL/min to eliminate water condensation in the measuring cell.
RESULTS AND DISCUSSION
Modulated Differential Scanning Calorimetry
The thermograms of pomegranate extracts are shown in Fig. 1 . Different pomegranate extracts exhibited different broad endothermic peaks of first-order transition between À14 to 4, À20 to 1, À24 to À4, and À37 to À11 C for the 20, 30, 40, and 53 Brix, respectively. Peak temperatures, referred to as melting points (fusion temperatures) (T f ) in Table 1 , shifted toward higher temperatures as extract concentration decreased. The MDSC thermograms of pomegranate extracts were within the range of food materials, and were found to be comparable with those in published literature. [20, 21] The thermograms were analyzed for the glass transition temperatures (T g ) using the TA Instruments Universal Analysis 2000 software. The T g midpoint values for the different pomegranate extracts studied and their corresponding water activities (a w ) are given in Table 1 . The values of T g are the midpoint of the glass transition temperature range. Three scans were made to quantify all measured properties at any given concentration and temperature. The T g values generally decreased with increasing extract concentration. The T g values obtained in the present study were in good agreement with those in the literature. [22] [23] [24] The glass transition temperature of the different extracts was found to be a function of water activity at a constant temperature. It should also be noted that for the extracts with water activities equal/ higher than 0.946 the glass transition phenomena is not clear compared with extracts of water activity less than the mentioned values. (Table 2 ) and the results demonstrated the importance of annealing for these extracts. The results reported here revealed that the T 0 g and T 0 m values were influenced by water. This effect is of particular importance when studying the physical state of amorphous carbohydrate solutions in relation to the stability of frozen materials. [25, 26] On the whole, the T 0 g and T 0 m values seemed similar to the glass transition melting temperatures reported for low molecular weight carbohydrates. [20] The latent heat of fusion (H L ) values cover a temperature range from À60 to 65 C (Figs. 2-5 ) and ranged from 61.6 to 204.7 kJ/kg, Table 2 . The H L values were generally in agreement with those reported by Roos [10] for strawberries concentrates. Figure 6 shows MDSC specific heat curves for various pomegranate extracts. The peaks in the curves were due to the phase change during the melting process. MDSC scans illustrate typical changes in specific heat below and above melting due to changes in water status. Linear regression analyses were performed on the results in order to correlate the specific heat values with temperature below freezing. A summary of specific heat data and the correlation coefficients is given in Table 3 . The results indicated that the specific heat increased with increasing temperature, but more prominently at higher temperatures. In other words, the obtained results suggest the occurrence of straight-lined dependencies of the specific heat on temperature for all extracts below freezing. Also, for any particular temperature interval studied, the specific heat values increased with concentration. Keppeler and Arboleda [27] reported similar trend for sucrose solutions. The high rate of increase could be attributed to the increased melting of the solutions, which required more heat (heat of fusion) for small increase of temperature.
Specific Heat Below and Above Freezing
The specific heat (C p ) of pomegranate extracts as a function of water activity (a w ) is shown in Fig. 7 . The correlation coefficient (R 2 ) was 0.84, and the regression equation was as follows:
The C p values above freezing and the standard deviation for the various pomegranate extracts are given in Table 4 . The values covered the temperature It can be seen that specific heat changed very little between 10 and 65 C. The results indicated that the studied temperature range had no effect on the obtained C p values. These findings are in agreement with the results reported in the literature. [28, 29] 
CONCLUSIONS
In the present study, it was shown that thermal transitions of different concentrates of pomegranate, a natural carbohydrate material, was strongly temperature and moisture content dependent. Different concentrations had different 
